l^efA&duced 

ike 

ARMED  SERVICES  TECHNICAL  INFORMATION  AGENCY 
ARLINGTON  HALL  STATION 
ARLINGTON  12,  VIRGINIA 


UNCLASSIFIED 


NOTICE:  When  government  or  other  drawings,  speci¬ 
fications  or  other  data  are  used  for  any  purpose 
other  than  in  connection  with  a  definitely  related 
government  procurement  operfition,  the  U.  S. 
Government  thereby  incxxrs  no  responsibility,  nor  any 
obligation  whatsoever;  and  the  fact  that  the  Govern¬ 
ment  may  have  formulated,  ftimished,  or  in  any  way 
supplied  the  said  drawings,  specifications,  or  other 
data  is  not  to  he  regarded  by  implication  or  other¬ 
wise  as  in  any  manner  licensing  the  holder  or  any 
other  person  or  coj^raration,  or  conveying  any  rights 
or  permission  to  manufacture,  use  or  sell  any 
patented  invention  that  may  in  any  way  be  related 
thereto. 


REPRODUCTION  QUALITY  NOTICE  I 

”  . . .  ■.  ''  '  ■■■  .  ■■  ' 


This  document  is  the  best  quality  available.  The  copy  furnished 
to  OTIC  contained  pages  that  may  have  the  following  quality 
problems: 

•  Pages  smaller  or  larger  than  normal. 

•  Pages  with  background  color  or  light  colored  printing. 

•  Pages  with  small  type  or  poor  printing;  and  or 

•  Pages  with  continuous  tone  material  or  color 
photographs. 

Due  to  various  output  media  available  these  conditions  may  or 
may  not  cause  poor  legibility  in  the  microfiche  or  hardcopy  output 
you  receive. 


U  If  this  block  is  checked,  the  copy  furnished  to  DTIC 
contained  pages  with  color  printing,  that  when  reproduced  in 
Black  and  White,  may  change  detail  of  the  original  copy. 


AN  ET.KCTROCriEMTC AT.  DEVICE  FOR 
ATEASURINC;  OXYGEN 


61-79 


c  /  ■  ‘/ 
aI-.  It» 


SCHOOL  OF  AEROSPACE  MEDICINE 
LSAF  AEROSPACE  MEDICAL  CENTER  (ATC) 
BROOKS  AIR  FORCE  BASE,  TEXAS 


AN  ELEaROCHEMICAL  DEVICE  FOR  MEASURING  OXYGEN 


J.  RYAN  NEVILLE,  Ph.D. 


PhygioloKy-Biophysics  Branch 


61-79 


SCHOOL  OF  AEROSPACE  MEDICINE 
USAF  AEROSPACE  MEDICAL  CENTER  (ATC) 
BROOKS  AIR  FORCE  BASE,  TEXAS 

June  1961 


M  HECtSOCHEHICAL  UVICf  FOR  MEASURING  OXYGEN 


INTRODUCTION 

In  recent  years  many  prsctlcal  applications 
have  been  made  of  the  ability  to  detect  and 
measure  oxygen  by  electrochemical  means. 
Basically,  the  bulk  o£  tbil  effort  has  been 
adapted  from  the  technic  «f  polarogtaphy  as 
introduced  by  Heyrovaky  (1)  in  1922.  The 
unique  advantages  of  this  technle  for  chemical 
analysis  have  been  widely  recognized,  and  these 
advantages  are  especially  atrikinff  ia  the  case 
of  oxygen,  as  shown  by  several  early  investlga* 
tions  (2,  3)  utilizing  the  dropping  mercury 
electrode. 

In  attempting  to  apply  the  polaroRraphte 
method  to  a  broader  range  of  pfoWem.s  In  which 
the  measurement  of  oxygen  was  of  Interest, 
the  dropping  mercury  electrode  prowal  in  many 
cases  tn  bit  somewhat  cumbersome  if  not  com* 
pletely  impractical.  Thus  Blinks  and  Skow  (4) 
In  193S  utilized  a  solid  platinum  electrode  In 
place  of  the  dropping  mercury  electrode  to 
measure  the  time  cour.se  of  oxygen  tcnnion 
changes  during  photosynthesis.  They  wero 
able,  by  this  means,  to  chart  the  rather  rapid 
changes  in  ojy'gen  concentration  which  occur 
on  illumination  of  chlorophyll-containing  green 
plants.  A  number  of  investigators  have  im¬ 
provised  on  this  particular  technle  (5,  6). 
Whereas  the  solid  electrode  permitted  proco* 
dure.s  impossible  with  the  dropping  mercury 
electrode,  it  was  not  so  stable  nor  were  the 
results  as  reproducible  as  with  the  latter. 
This  was  due  primarily  to  the  obvious  inability 
to  continuously,  renew  the  electrode  surface,  as 
with  the  dropping  mercury  electrode,  and  due 
also  to  the  less  well-defined  diffusion  barrier 
produced  around  the  solid  electrode. 
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A  number  of  technics  have  been  utilized  to 
circumvent  the  disadvantages  of  solid  elec¬ 
trodes.  Laitinen  and  Kolthoff  (f)  studied 
diffusion  at  electrodes  of  various  shapes  and 
explained  the  diffusion  processes  and  the  geo¬ 
metric  considerations  involved.  The  same  in¬ 
vestigators  t8)  showed  the  advantage  of  a 
rotated  electrode  over  a  stationary  one.  Davies 
and  Brink  (9)  experimented  with  the  recessed 
electrode.  They  also  first  reported  on  the 
promisinff-  method  of  covering  the  electrode 
with  a  semipermeabie  membrane.  Olson  et 
al.  (10)  applied  alternating  potentials  to  the 
elec^ode  and  reported  that  this  was  of  ad¬ 
vantage  in  measuring  oxygen.  In  1964  Stow 
and  Randall  (11)  reported  on  an  electrochemical 
cull  for  measuring  carbon  dioxide  in  which 
both  the  tnemmrlag  and  the  reference  electrodes 
were  completely  separated  from  the  composi- 
(iun  being  measured.  Later,  this  design  was 
appHetl  to  the  measurement  of  oxygen  in  Mood 
by  Cbirit  (12).  An  encapsulated  proiionre- 
inscnsitive  unit  for  measuring  oxygen  has  been 
described  by  Neville  (13).  More  recentty, 
Krciacr  (14)  has  described  a  fast-responding, 
cathetor-type  electrode  system  for  oxygen 
which  can  be  inserted  into  the  pulmonary 
passages. 

The  present  paper  describes  an  electr> 
chemical  device  for  measuring  oxygen  which 
is  basically  a  simple  polarographle  Unit,  but 
has,  at  the  same  time,  certain  details  and 
characteristics  which  it  may  be  worthwhile 
to  report  at  tiiis  time.  The  device  was  desiffned 
primarily  to  measure  oxygen  in  gases  rather 
than  in  liquids,  and  this  design  has  allowed 
applications  tinder  many  adverse  field  eondf- 
tions  over  relatively  hmg  periods  of  time. 
Eisscntially,  the  design  involves  the  nse  of 
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suitable  electrodes  placed  in  an  insulated  elec¬ 
trode  housing.  An  electrolyte  is  added  and 
a  gas-permeable  membrane  applied  in  such  a 
manner  as  to  encapsulate  the  electrodes  and 
fluid  after  etlitabla  degassing  procedures  have 
been  carried  out.  Aa  additional  feature  is  a 
protective  cover  which  holds  the  membrane  in 
place  and  prevents  Its  displacement  or  rupture 
throngh  rough  handliitg. 

PHYSICAL  DESCRIPTION  OF  THE  CELL 
Electrodes 

The  indicntor  or  polarizable  electrode  of 
solid  metal  polarographie  assemblies  has  gen¬ 
erally  been  constructed  of  platinum;  however, 
itolthoff  and  Jordon  (i5),  in  a  report  on  the 
use  of  both  platinum  and  gold  for  the  measure¬ 
ment  of  oxygen,  state  that  gold  is  gtmerally 
superior  for  this  purpose.  Initial  experiments 
with  both  platinum  and  gold  indicated  that  for 
long-term  use  in  a  device  of  the  kind  envisioned, 
gold  Ls  definitely  more  stable  and  gives  more 
reproducible  results  than  platinum.  It  gives 
a  wide,  flat  plateau  on  running  the  current- 
voltage  curve  or  polnrogram  of  oxygen,  indi¬ 
cating  aa  Jordan  and  Kolthoff  had  found,  a 
relatively  large  liydrogen  overvoltage. 

Silvor-.slIvci'  chloride,  mercury,  and  calomel 
•re  the  moat  commonly  used  reference  elec¬ 
trodes  in  polarograi)hIc  wor>,  anti  for  many 
purltoses  they  are  excollenUy  suited.  Other 
poBsibilitiea  present  themselven,  howevciv  and 
one  of  these  is  dcacribed  here.  The  electrode 
which  was  finally  chosen  for  a  reference-— 
endmium— nutde  possible  the  climilWtlou  of  the 
Tiolailrlnjr  voltage  in  the  (leterailnsth)n  of 
oxygen.  In  other  words,  such  •  reference 
electrode  miido  posriblc  the  spontaneous  electro* 
chemical  reduction  of  oxygen  on  the  ]ioId  elec¬ 
trode  whoa  the  external  circuit  woe  cloRcd. 

Normally,  one  applies  apprcximateljr  — ftH 
volt  va.  the  sen  (stuturuted  calomel  electrode) 
ill  order  to  maintain  solid  inert  Indicator  dee- 
trodfls  within  the  diffusion-eontrollud  rejidon 
of  the  polarogram  of  oxygen.  If  a  suitable 
reference  electrode  could  Ik  chosen  which  was 
already  approximately  —  o,5  volt  vs.  the  SCB, 


then  the  need  for  a  polarising  voltage  would  be 
circumvented,  at  least  in  a  device  intended 
only  te  measure  oxygen.  The  reference  elec¬ 
trode  for  the  device  described  here  most,  of 
course,  be  a  solid  at  ordinary  temperatures,  and 
its  anode  film  products  should  have  both  a  low 
solubility  and  a  low  resistivity ;  it  should  pref¬ 
erably  form  the  oxide  of  the  metal  rather  than 
the  salt  of  the  anion  In  the  electrolyte;  it 
should,  furthermore,  produce  a  relatively  stable 
potential  for  long  periods  of  time.  Finally, 
the  material  used  should  not  be  plated  out  at 
the  cathode  under  the  conditions  roqufred  for 
reduction  of  oxygen. 

Of  the  metals  that  were  considered,  three 
appeared  most  promising  because  of  the  posi¬ 
tion  which  they  occupied  in  the  electromotive 
series  and  the  fact  that  they  could  be  easily 
procured  and  worked  with.  These  were  iron, 
zinc,  and  cadmium.  Iron,  possibly  because  of 
autoxidation  processe.s  and  the  nature  of  the 
oxide  films  that  are  formed,  was  not  stable 
enough  for  reference  purposes,  Zinc  proved 
too  reactlvo,  actively  “gassing”  in  the  electro¬ 
lyte  solntioa  and  thus  making  it  unsuitable  for 
the  sealed  or  encapsulated  type  of  device  that 
was  reciuirsd.  Cadmium,  on  the  other  hand, 
proved  very  suitable  for  tlie  purpose  at  hand. 
Not  only  did  cadmium  provide  the  proper 
voltage,  making  the  reduction  of  oxygen  pre- 
wjcd  spontaneously  when  the  extarnal  circuit  of 
the  cailmium-gukl  cell  was  closed,  hut  It  also 
maintained  a  voUngo  over  a  long  period  of  time 
which  was  quits  Ruitnhlc  for  the  present  pur- 
poae.  Furthermore,  the  predominant  feature 
of  the  anocl#  procen!!  appear^  to  be  an  oxide 
or  hydroxide  fornmtlon. 

At  the  gold  indicator  electrode,  the'  follow¬ 
ing  reaction  Likes  place: 

Q,  -f  4e  +  SILO  40H- 

At  the  reference  cadmium  anode  the  follow¬ 
ing  reaction  probably  takes  place: 

*i:d  4-  lOH  — ^  ZCdO  4-  2H/)  +  ie 

Therefore,  the  overall  cell  reaction  can  be- 
depicted  simply  as: 

2Cd  +  0,  — *  2CdO 
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Consequently,  the  electrolyte  aolulion  Li  not 
depleted  ftiid  does  not  limit  the  txseful  li£e  of 
the  fell.  The  Ilfetiue  o£  the  cell  will  he  dia* 

eueeed  later. 


Figures  1  and  2  show  cells  of  the  type  de- 
ecribed.  The  cedmium  ring  electrode  is  visible 
in  those  which  ere  dismantlod.  The  gold  elec- 
twxle  ean  also  be  seea  In  the  center  of  the 
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Loaded  cells  (see  Icxl  fur  wv  of  larffest  ttnitj. 
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electrode  housing  unit.  The  latter  electrode  is 
so  fashioned  Rs  to  be  flush  with  the  ttpper 
surface  of  the  electrode  housing.  The  gold 
will  thus  be  directly  beneata  tha  meoibrane 
whejj  the  latter  is  applied,  making  r  minimum 
diffusion  pathway  between  the  gas  phase  find 
the  surface  o£  the  gold  elect  rode. 

Size 

The  physical  dimcnst<in.s  of  the  ceil  can  be 
varied  within  comparatively  wido  Iloiils.  Gcu* 
erally  Rpooklnjr,  the  smatW  the  mjlt,  the  more 
difficult  it  will  I)c  to  constmet,  toad.*  imd  make 
app*oPJ’*ikt(!  oliTli'inil  conncetloua.  Also,  Ihv 
eiit'reut  bblaliiod  from  a  cell  lunlcr  a  given  sot 
of  ciicwni.stiuiccs  will  he  di reedy  {U'tiportioiud 
to  the  area  of  the  gold  electrode. 

The  area  of  the  reference  cadmium  electrode  • 
ehoitid  he  larger  than  that  for  the  gold  elec¬ 
trode,  aud  we  have  Tiormally  u.scd  ait  area  ratio 
of  at  least  40  to  1  in  order  to  in.suro  a  utia- 
polarizing  reference  even  with  high  oxygon 
partial  pressuree.  A  critical  cvaluntion  of  thia 
ratio  In  the  present  case  "has  not  been  mnde? 
however,  ttvidence  (if  reference  electrode  polar¬ 
ization  was  obtained  with  an  area  ratio  of 
aljout  8  to  L  A  nunilier  of  factor.'^,  such  as 
totiii  current  and  the  geomolry  of  the  cell* 
Would  be  expected  to  influence  SUCh  polar- 
laation,  but.  tlu'y  liavc  not  been  evaluated  in 
relation  to  the  pre.sojit  ftorlce.  i'rJictleailiy, 
howver,  the  40  to  t  ratio  appenm  to  be  sailo- 
factory  for  most  casc.i. 

As  sliown  in  figures  1  aud  2,  moat  of  the 

cella  wo  have  coiiHlnictcd  wora  cylTrdrle,  about 
8'/c  cm.  in  diameter  and  2%  cm.  long.  The 
weiKht  of  the  usual  unit,  when  fully  loaded,  vriui 
about  40  gm.  Smaller  units,  weighing  tff  lltlte 
as  30  gm.  have  been  used. 

It  has  been  mentioned  that  the ,  unit  re¬ 
quires  no  polarizing  voltage,  the  reduction  of 
oaygen  proceeding  spontaneously  on  cTosirg  the 
external  circuit  between  the  cIectrode.s.  This 
!s,  of  course,  convenient  for  general  uaugC;  it 
can  also  be  aa  important  feature  for  certain  ' 

iRcfcra  to  the  proccRR  of  Uddinir  elcetrolylt  fluid*  dcgaiiilig. 
#CBling  with  n  membrnne,  and  applying  the  prutcctiv#  #iVer. 


applications  in  the  field,  where  weight,  apace, 
and  power  are  at  a  premium,  as  in  the  instru¬ 
mentation  of  space  capsules.  The  fact  that 
only  a  small  amount  of  electrolyte  is  required 
also  enliances  the  capabilities  for  miniaturiza¬ 
tion  and  long-term  use  of  the  device. 

iBfiulRting  material 

As  an  insulating  material  for  housing  the 
electrodes,  a  variety  of  materials  can  be  used. 
Nylon  has  been  found  suitable  for  tlie  purpose 
bocaii.se  it  machine!*  and  molds  well  and  presents 
no  Bpecial  ngiug  problems  as  do  some  plastics. 
I'lylnn  also  Is  highly  resi.stant  to  cracking  or 
ahattoring  on  impact.  When  constant  handling 
Of  the  unit  is  ncquireci,  such  resistance  is 
iaiportaiil  since  even  slight  cracks  or  leaks, 
oapcelally  around  tlie  elcctrode.s,  can  be  very 
delrimentai  to  the  function  of  the  device. 
Nyktr  has  the  disadvantage,  as  do  many 
plaslic.s,  of  edsntbing  water,  swelling,  and 
loaing  its  original  dimensions.  The  dimensions 
of  lliu  center  gold  electrode  area  are  espocially 
critical  to  the  function  of  the  cell,  and  proper 
troutaiBiil  of  the  nylon  as  well  as  careful  sealing 
of  the  gold  electrode  i.i  extremely  Impoiiaat. 
A  Ivukproof,  completely  encapsulated  cell  Is 
essential  for  successful  long-term  operation  of 
the  unit.  This  fa  especially  true  where  opera¬ 
tion  at  varying  total  pressures  is  required. 

Ulcmbrane 

The  membrane  u.sed  to  encapsulate  the 
device  lias  two  functions.  It  must  prevent  the 
ovaiiuration  ni  water  (while  allowing  free, 
diffusion  of  oxygen),  and  also  it  must  form  and 
retain  a  Very  thin  layer  of  electrolyte  Rolutfon 
above  tho  gold  olectrodc.  Although  a  number 
of  plastic  membranes  are  suitable  for  this 
purpose,  .superior  performance  has  always  been 
olitnined  with  poiyotbylene  films  of  about  1  Tnil 
thleknes.s  or  less.  The  mambxanes  are  atretched 
rather  tightly  over  the  top  of  the  electrode 
housing  and  excess  fluid  Is  pressed  away  with 
the  fingers  in  the  loading  proecss.  This  leaves 
a  drom-tiglit  membrane  which  forms  an  ex¬ 
cellent  biirrier  to  the  escape  of  water  and  also 
retains  Us  shape  for  long  periods  of  time,  tims 
preventing  chRtigee  In  the  dimensions  of  the 
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diffusion  barrier  between  the  gold  electrode 
and  the  ambient  gas  The  permeability  of  poly¬ 
ethylene  to  oxygen  is  comparatively  high  and, 
when  protected  by  the  retaining  cover  as  Ua* 
scribed  above,  the  membrane  will  'remain  intact 
for  long  periods  under  fairly  extreme  working 
conditfons. 

Electrolyte 

The  electrolyte  used  has  normally  been 
potassium  chloride,  although  sodium  chloride 
works  as  well.  The  electrolyte  concentration 
Is  not  espeefally  critical,  but  V’c  arc  currently 
studying  various  additives  in  an  attempt  to 
exLeud  the  low  tCmperaUire  range  of  tlic  unit. 
More  will  be  said  cn  temperature  effects  in 
the  folloivlng  section. 

FUNCTIONAL  CHARACTERISTICS 

Sonic  of  the  more  usual  functional  charac¬ 
teristics  which  mtijf  he  of  interest  here  aro 
discus.sed  under  llie  various  headings  heloW. 

Response  time 

The  response  time  will  lie  influenced  hy  llio 
diffusion  coefficient  of  oxygen  through  the 
media  and  by  the  thickness  of  the  dlffUKluil 
path  between  the  gas  phase  and  th®  gold 
electrode.  Thc.se  factors  can  be  varied  within 
certain  limits,  i.tut  it  should  bo  pointed  out 
that  the  very  fastest  response  tfutes  will  not 
always  bo  cornpatiblo  with  ceiTaiii  other  liesued 
charaeterlstic.s,  .such  a.s  .shock  and  vibration 
resistance,  gimeral  rugsadness,  and  so  on.  Nor- 
mally,  unit;i  which  have  been  mwltt  for  field 
ajiplicatioiis  bavu  a  ie.spon.se  time  of  10  to  15 
seconds  for  essentially  complete  cituililiralion. 
The  use  of  voiy  thin  membranes  (0.2  mil), 
together  with  elevated  Icmporature.'i  (40*  (7.), 
eailses  the  cell  to  respond  Ui  a  change  in  <)xygen 
partial  prossura  In  approximately  1  second.  It 
will  be  noticefi  in  figure  8,  whkh  shows  lyi)ic4d 
response  curves,  that  it  large  part  of  Iho 
ciiAnge  which  occurs  la  canchulcd  withfn  a 
fractiun  of  the  abovocited  res]M>nse  tfmc.t. 

Range 

The  usual  nuige  in  which  the  unit  functfonii 
with  linesr  output  Is  between  aero  and  about 


FifiURE  a 

Ttesponse  time  */  oxygen  cell. 


FIGURK  4 

Hanuc  ami  iinfpitt  o/  oxygen  cell. 

1  atmosphere  oxygon.  Since  the  signal-to- 
noise  ratio  Ciin  bo  made  ©jmparatively  largos 
rather  narrow  ranges  can  also  hfe  monitoWSti 
under  suitable  conditions.  Figure  4  shows  a 
typical  graph  relating  current  to  Qixyg<m  partial 
pressure  between  zero  and  ahoot  74S  mm.  Hff. 

Sensitivity 

The  output  of  ths  cell,  other  things  being 
ociual,  will  depend  on  the  area  of  the  gnld 
electrode  exposed  to  the  electfOchemlcal  action 
of  oxygon.  The  units  we  have  used  ncrmalljr 
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prgtluce  about  2.5  X  10  “  amperes  per  mm.  Hg 
cxygen.  When  a  temperature-compensating 
thermistor  ol  about  10,000  ohms  is  used  at 
25°  C..  the  output  will  be  about  40  niv.  on  air  at 
sea  level.  The  uncompensated  unit  is  rather 
sensitive  to  temperature,  but  appropriate  ther- 
mfiitora  gtvp  reasonably  good  compensation 
betWJcn  5“  and  45°  C.  These  limits  can  be 
exceeded,  but  such  temperature  ranges  have 
not  been  thoroughly  explored.  Uncompensated, 
the  cell  output  changes  about  4  or  5  percent 
for  each  degree  centigrade.  This  can  be  de¬ 
creased  tenfold  or  more  with  appropriate 
thermistoi's. 

Accuracy 

Although  the  device  potentially  has  a  com¬ 
paratively  high  signal-to-noise  ratio,  expre.s- 
sioiis  of  accuracy  will  depend  on  a  number  of 
factors  oxtrin.sic  to  the  function  of  the  trans¬ 
ducer  itself :  consequently,  isolated  figures 
intended  to  portray  this  characteristic  often 
will  not  b,c  too  meaningful.  It  is  fair  to  say, 
however,  that  readings  obtained  during  un¬ 
attended  and  long-term  monitoring  procedures 
can  be  accurate  to  within  5  percent,  and  short¬ 
term  frequently  calibrated  runs  can  approach 
accuracies  of  '  1  iicrcent. 

Calibration 

Calibration  of  the  device  is  simiilified  by  the 
fiict  that  the  sero  oxygen  current  is  (luile  small, 
amounting  usually  to  the  equivalent  of  about 
2  mm.  Hg  oxygen  pressure  or  Ics.s,  and  al.so  by 
the  fact  that  the  response  is  linear.  Therefore, 
for  many  purpo.ses,  a  single  check  of  the  out¬ 
put  on  air,  or  other  known  gas,  is  all  that  is 
required  for  calibration.  Where  more  care  is 
required,  of  course,  calibration  with  .sevortil 
known  ga.scs  in  the  range  of  interest  i.s  pre¬ 
ferred. 

Specificity 

Of  gases  encountered  in  normal  breathing 
mixture.s,  including  carbon  dioxide,  the  device 
is  highly  specific  to  oxygen.  Water  vapor  does 
not  affect  the  readings  except  so  far  as  such 


vapor  pressure  would  normally  be  expected  to 
influence  the  gas  pi’essures. 

When  properly  loaded,  the  device  does  not 
respond  to  changes  in  ambient  pressui'e  except 
as  such  pressure  change  will  affect  the  oxygen 
pressure.  In  addition,  artifacts  due  to  shock, 
vibrallon,  or  gravity-loading  are  usually  minor 
or  transitory. 

Operating  time 

Since  the  device  is  electrochemical  in  nature 
and  since  such  devices  characteristically  have 
finile  operating  times,  di.scussion  of  this  factor 
is  ai)propriato.  As  mentioned  earlier  the  over¬ 
all  reaction  of  the  cell  may  be  represented  as: 

2  Cti  |.  (), - -  2  CdO 

This  indicates  that  the  materials  consumed  in 
the  process  of  utilizing  the  device  are  the 
cadmium  anode  and  oxygen  from  the  gas  being 
.sampler!.  If  the  current  given  by  150  mm.  Hg 
oxygen  i)ai'tial  pressure  is  taken  a.s  being 
average,  then  14.4  coulombs  of  electricity  will 
flow  I'oi-  each  1,000  hours  of  use.  This  i.s 
equivalent  to  the  conversion  of  approximiitely 
8.4  mg.  of  cadmium  and  1.2  nig.  of  oxygen 
(0.,84  ec.,  STl’D),  The  mass  of  the  rtnode  will 
normally  bo  several  grams  and  consequently 
will  obviously  not  be  a  limiting  factor  in  regard 
to  ojicrating  time.  Tt  i.s  equally  apparent  that 
lUo  small  amount  of  oxygen  that  is  consumed 
by  the  cell  filso  will  be  of  no  consequence.  It 
ciiii  bo  calculiitc-d  that  the  device  should  have 
a  theoretic  chemical  lifetime  in  excess  of 
1,000,000  hours.  Unfortunately,  it  is  found  ia 
practice  that  the  cells  will  normally  require 
.servicing  sooner  than  this.  This  requirement  ia 
related  t.o  the  physical  nither  than  chemical 
changes  which  occur  in  the  cell.  Experience 
with  the  device  ha.s  indicated  that  the  most 
critical  factor  affecting  the  lifetime  of  th@ 
unit  is  the  gold  electrode,  lintli  its  seal  to  the 
.surrounding  insulating  material  and  its  di¬ 
mensional  relation  to  the  membrane.  A  lasting 
seal  and  dimensional  stability  of  the  insulating 
materials  so  as  to  keep  intact  tlie  clo.se  spatial 
relationships  between  the  surface  of  the  elec¬ 
trode  and  the  membrane  will  most  favorably 
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influence  the,  service-free  lifetime  of  the  oxygen 
sensor  described  here.  Some  variability  is 
found  in  the  units  we  have  built  and  tested,  as 
might  be  expected,  but  three  to  six  months, 
depending  on  the  kind  of  treatment  afforded 
the  unit,  now  seems  to  be  a  reasonable  expecta¬ 
tion  for  the  lifetime  before  servicing  is  I'equired. 
When  evidence  of  deterioration  occurs,  either 
from  decreased  output  or  slowed  re.sponse  time, 
the  difficulty,  without  exception  in  my  experi¬ 
ence,  is  remedied  by  attention  to  the  seal  and 
the  position  of  the  gold  electrode. 

APPLICATIONS 

In  (iiscii.ssing  apidication.s  of  the  (iavicc«  I 
wish  primarily  to  elaborate  in  .some  detail  on 
the  basic  functional  characteristics  that  have 
already  hoen  di.sciissed.  Most  of  the  applica¬ 
tions  will  be  rather  obvious,  but  the  discussion 


will  possibly  serve  to  emphasize  those  charac¬ 
teristics  of  the  unit  which  may  be  u.sed  to 
advantage  when  oxygen  analysis  is  indicated. 
It  should  be  retailed  that  the  device  described 
here  was  designed  prfmortty  for  use  in  the  gas 
phase ;  couMQuently,  the  examples  given  below 
are  all  related  to  this  particular  (problem. 

Very  coriverlent  and  time-saving  application 
can  be  made  of  the  device  for  .simple  I'outir.e 
oxygen  analysis.  A  sample  of  only  1  or  2  ce. 
is  required  ia  washing  out  the  sensory  area, 
or  the  unit  can  be  placed  directly  in  a  gas  line 
or  other  system  containing  the  gas  to  be 
analyzed. 

The  unit  ha.s  been  u.sed  to  nionitor  cabin  or 
capsule  oxygen  pi’es.svrc  in  a  number  of  Air 
Force  projects  in  which  the  iSchool  of  Aerospace 
Medicine  has  participated.  Figure  5  shows  a 


FIGURE  B 

Portable  unit  for  moiiiluring  ttVygen  presaiirf. 
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FIGURE  7 

Aircrew  hypoxia  warning  Hrvire. 


aiwnal  from  the  oxygen  aensor  waa  recorded 
on  board.  In  lat«r  biopack  experiments,  the 
information  from  the  aenaora  was  telemetered. 
The  Mercury  cap-aulc  la  ithcduled  to  u.ae  a 
device  .similar  to  the  one  described  here.  Iti 
addition  to  a  direct  readout  ond  tetemelering 
of  the  itignal,  a  jiruviaion  will  al.so  be  included 
to  give  a  visual  warning  .should  the  o.xygcn 
partial  pressure  drop  UiWw  a  predetermined 
value. 

Figure  7  shows  a  unit  designed  at  the 
School  of  AoroajMtce  Meeilcinc  expressly  for  use 
as  an  aircr<JW  hypoxia  warning  device.  The 
unit  can  be  installed  in  aircraft  with  a  mini¬ 
mum  of  modification  since  it  needs  merely  to 
be  connected  to  a  40ft-cycle  electrical  system. 
It  is  completely  safe  in  nporalion,  presents  no 
interfering  electrical  signals  and  ha.s  proved 
reUabte  in  •irtionie  testa  with  the  F-IOO. 

A«  indicated  earlier,  it  is  possible  to  obtain 
relatimiy  fait  fceponne  times  by  using  thin 


membranes  and  elevated  temperatures.  This 
pre.sents  the  possibility  of  breath-by-breath 
recording  of  oxygen  in  respired  gas.  Figure  8 
shows  the  typical  breathing  pattern  given  by 
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FIGURE  8 

lirealh-by-brcuth  response  recorded  with  cell  in 
oxygen  mask. 
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FIGURK  9 

F'jif  of  the  ilcvice  in  metabolic  stitdirB. 


the  fell  when  moiniteil  in  an  oxygen  mask. 
Althoufi'h  the  unit  displays  some  lag  in  re¬ 
sponse,  it  is  faithfui  enough  in  this  rc.spcct  to 
suggest  a  number  of  possibiiities  with  regard 
to  the  evaluation  of  pulmonary  function. 

Figure  !)  demonstrates  a  type  of  application 
possible  in  the  study  of  metabolism  and  oxygen 
consumption.  More  recently  a  unit  was  in- 
stiilled  in  a  sealed  tissue-culture  flask  and 
changes  in  oxygen  tension  were  followed  during 


the  gi-owth  of  the  culture.  The  po.ssibilities  of 
such  “electrical  Warburg”  technics  are  receiv¬ 
ing  attention  in  the  author’s  laboratory  at  this 
time. 

SUMMARY 

An  electrochemical  device  has  been  de¬ 
scribed  which  utilizes  a  gold  Indicator  electrode 
and  a  cadmium  reference.  This  cell,  when 
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filled  with  electrolyte  and  encapsulated  witn  a 
thin  polyethylene  membrane,  gives  a  current 
proportional  to  the  oxygen  partial  pressure  in 
the  ambient  gas.  Protected  with  a  special 
plastic  cover*,  the  unit  is  relatively  rug<:ed, 


specific,  and  fani  f  >1"“ 
power  or  pok’ii'ing 
attended  for  ndui'*’'; 
Laboratory,  crnnc.al,  n;i'  ' 
been  illustrakd  and  di  ' 
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